The pollution in the air is a complex mixture of chemical substances of varying toxicity of which the sulfur oxides are a principal component. Those components which pose the primary hazards to human health have not yet been fully identified, nor have their respective contributions to human disease been fully determined. Efficient and effective control strategies are dependent upon the identification and understanding of these toxic components. Ultimately, the goal of standard-setting should be the development of composite pollution indices rather than control of individual pollutants.
Concentrations of SO2' in the ambient air twice the current standards are associated with adverse health effects. A consider'able body of evidence suggests that there may be discernible human health effects from exposure to concentrations approximating the current standards. There is therefore no basis for'relaxation of the present standards for sulffr oxides at this time. Since the scientific basis for this judgment is incomplete, further scientific'information will, be required either to validate the present standards or to justify alteration of these standards.
Review of Health Effects of Sulfur Oxides
Background and Objectives of the Study Mr. Roy Ash, Director of the Office of Management and Budget, requested the Department of Health, Education, and Welfare to take the lead in a cooperative study with the Envi'ronmental Protection Agency to examine the existing scientific information on the health effects of sulfur oxides in the ambient air. Specifically, Mr. Ash asked: *This report is the result of a study group "We are particularly interested in an assessment of the adequacy of cu'rrent information on the ambient levels of sulfur oxides tQ apcertain'the extent to which humap health is affected. If a definitive statement cannot be provided on the basis of current information an outline of the types of studies necessary to 'provide a definitive leve'l should be developed. Assuming that additional studies may be necessary, 'we would 'appreciate receiving an estimate of the time required and costs'to complete the additional studies." A report on the following specific areas was requested: (1) the.extent of the demonstration of a cause-and-effect relationship between exposure to sulfur oxides and adverse health consequences, including the issue of 'dose-effect relationships; (2) the degree to which these findings are supported by' epidemiologic, clinical, August 1974 and experimental or laboratory studies, including matters of agreement or disagreement among the findings produced by the various study approaches; (3) the variable susceptibility to adverse effects' of sulfur oxides among different population groups; (4) a quantification of health effects in relation to various levels of exposure; and (5) the relationship between various levels of sulfur oxide exposure and costs in terms of impaired health, including the costs of care and loss of productivity among those who are or may be adversely affected by exposure to sulfur oxides.
This study has examined the existing scientific information and answered, insofar as is possible, these important questions. It is clear that additional information on the health effects of sulfur oxides is urgently needed. A program of research studies designed to develop such information is therefore included.
Summary of Available Information
The chemical form of sulfur oxides in the ambient air which is associated' in epidemiological studies with morbidity and mortality has not yet been clearly identified. The sulfur-containing products which have been implicated include SO2, sulfuric acid, and inorganic sulfates. SO, gas is generated primarily by the process of burning fossil fuels containing sulfur. SO remains in the ambient air for 1-7 days, during which time it can be converted to sulfates and sulfuric acid by sunlight, photochemical oxidants, or by the catalytic effect of certain particulates in the air. These processes are complex and not quantitatively understood. SO in the ambient air therefore provides a reservoir from which the more toxic sulfates and sulfuric acid derive. On a nationwide basis, the average ambient air concentrations of SO2 have been decreasing in the last few years because fossil fuels with a lower sulfur content have been used. The concentration of suspended sulfates' in the air has not correspondingly decreased since 1963 and appearq to be highest over the northeast section of the nation.
Studies on laboratory animals and human volunteers have' shown that inhalation of SO2 alone does not affect lung function at concentrations 10 to 100 times that commonly found in ambient air. Mixtures of SO2 and particles are often more toxic than SO2 alone, the toxicity depending on the SO2 concentration, the nature and size of the particles, and the ambient relative humidity. Particles can absorb SO, and facilitate its reactions. Airbome particulate metals (vanadium, manganese, iron, etc.) catalyze the conversion of SO2 to sulfuric acid and sulfates. Sulfuric acid and acid sulfates have proved to be particularly toxic in animal.experiments.
Studies in apimals are helpful in determining mechanisms of action in the body, but are not suitable for establishing safe levels for human exposure. The number of animals tested has been small relative to the human population at risk daily. The animals are-selected to be healthy, vigorous, and young whereas the humans most susceptible to pollutant effects are the diseased, very young, or aged.
For estimates of safe levels, we must turn to epidemiologic studies which relate environmental factors including pollution to states of health or disease.
Health effects may range from discomfort through physiological deviations from the norm, prevalence of symptoms, appearance of illness, lost working time, and premature retirement to complete incapacity and death. In practice, it is better to consider these indices in the reverse order, starting with death, serious illness, and significant disability, about which there can be little argument, and to proceed thence to physiological deviations and minor disorders, the significance of which may be open to question. Disease and death seldom, if ever, result from pollution alone. They are the outcome of many factors, both individual and environmental, acting together. Any epidemiological study of the effects of air pollution must allow adequately for these other factors. Indeed, the quality of such studies often depends on the success with which such allowance has been achieved. At the other end of the range of health effects, the implication of minor symptoms and small deviations from some physiological or biochemical norm between persons living in polluted and nonpolluted neighborhoods may be imperfectly known. Until it can be shown that such effects predispose to disease, disability, or reduced expectation of life, the weight that should be given to them in setting standards will remain a matter for personal judgment,-Acute episodes of high pollution have clearly resulted in mortality and morbidity. Often There is a large and increasing body of evidence that significant health effects are produced by long-term exposures to air pollutants; Acute respiratory infections in children, chronic respiratory diseases in adults, and decreased levels of ventilatory lung function in both children and adults have been found to be related to concentrations of SOS and particulates, after apparently sufficient allowance has been made for such confounding variable as smoking and socioecotlomic circumstances.
It is not possible to state a concentration below which such health effects will not occur. In many studies the proportion of persons affected increases-from the lowest to highest .categories of pollution. Had even lower categories of pollution been used in the analyses, even lower critical levels might have been suggested.
Thus, as in the case of daily mortality, the concept of no-effect level may be a chimera. A reasonable conclusion from these studies would however be that health effects have been found when annual levels of particulates or SO2 exceed 100 /Ag/m 3. The primary SO2
annual level thus appears to be low enough but not excessively low.
The need for more information about the lowest levels of pollution which might produce significant effects was recognized by the Environmental Protection Agency through -the Community Health and Environmental Surveillance System (CHESS) studies. The CHESS studies were intended to provide this information. These studies were also intended to, monitor any changes in health which might occur as a result of any change in pollution concentrations. It is probably safe to say that, in attempting to provide a large amount of information as quickly as possible, the CHESS studies have as *yet been less effective than they might have been had a more deliberate approach been adopted. Any defects in design, met,hods, and execution of these studies, however, can be remedied for -the future 
Summary of Key Problems
The first problem concerns the identification and isolation of the ultimately toxic pollutant(s). SO2 has often been used as an index of pollution and is sometimes considered a main pollutant. SO2 alone is of relatively low toxicity, but in the presence of other pollutants, such as total suspended particulates (TSP) or ozone, or after conversion to particulate sulfate or sulfuric acid, it can become a major contributor to adverse health effects. Yet SO2 and TSP (of which sulfates are a variable fraction) are the measured pollutants to which controls are directed. Operationally, to prevent the health consequences of SO2-related pollution, we must know more of the interrelationships between these sulfur oxides, the effects of particle size, the importance of particulate composition, the synergistic toxicity between SO2, particles, and humidity, and the adverse health effects of suspended sulfates and sulfuric acid mist.
Further studies are crucial for sound policy. It is possible that a policy decision to reduce SO2 alone without control of particulates could well lower our SO2 pollution index but yield no benefits for health. Likewise, an attempt to clean the air of particulate matter without controlling SO2 might preferentially clean up the more manageable large particles and effect a marked improvement in the TSP index while leaving the smaller, more toxic respirable-sized particles for man to breathe. We must aggressively seek a broader and firmer scientific foundation on which to base present and future policies. These policies will affect billion dollar decisions and involve the health and well being of millions of Americans. In the area of air pollution policy, inertia and inactivity without research support is in itself a multibillion dollar decision.
The second problem concerns the importance of epidemiologic data in arriving at a primary ambient standard. While we may review the present air criteria levels many times and underscore the incomplete data base, we must also realize that epidemiologic evidence will be central to any future reevaluation of the present standards. These studies require years to complete land demand continued support over long periods of time.
In this regard, the continuing results of the CHESS studies will be of great assistance in improving our estimate of a no-effect level for SO. The community of epidemiologists and scientists outside EPA is not adequately familiar with the details of these very extensive studies to endorse or challenge the reported results. In the normal course of scientific investigation, review, and publication, such understanding and acceptance or rejection would occur. This process however would take years, and the answers are needed now.
It would be important for EPA to assemble a group of academic and government epidemiologists to provide in-depth review of the mass of data from this ongoing program and offer continuing advice. Furthermore, consideration should be given to having complementary studies performed by extramural organizations.
In the near future, pollution levels will fall in some areas and may rise in other areas if high sulfur fuel must again be burned. Our understanding of the effects of pollution on health could be significantly advanced if epidemiologists with foresight and funding could set up studies now of the temporal consequences on the health of the exposed populations of these unplanned experiments.
Both of these approaches to setting air quality 5 2 F. Investigate the pulmonary responses and toxicity in laboratory 2,000,000 4 3 animals and in human volunteers of the various sulfur oxides under various conditions of humidity and specific particulates of differing size The studies are based on a number of assumptions which include the ability to forecast which parts of a definable geographic area will have the Environmental Health Perspectives worst air quality, the ability to obtain long-term commitments for large-scale cooperative studies from national, state, and local institutions, and the availability of sufficient numbers of trained personnel to perform the studies.
Studies of acute effects would focus on respiratory disease in cohorts of school children, normal adults, and high risk groups followed for up to five years. Evaluation of school children is envisioned to involve approximately 1000 subjects, age 9-12, divided into three groups depending upon exposure levels. Respiratory illnesses, school absences, and pulmonary function would be monitored. New groups of 9-yearolds would be added yearly in order to provide data on the cohort effect of changing levels of pollutants. The estimated cost would be $75,000-$100,000/yr per 1000 children.
Studies of normal adults would consist of identifying cohorts living in areas with the same pollution or cohorts receiving similar occupational exposures to dust who would be evaluated with repeated biennial assessment of respiratory symptoms, work days lost, hospitalization, etc., particularly during high exposure periods. Control groups would be from relatively unexposed areas. Cost per subject is envisioned to be in the same range as the study of children but more subjects will be needed due to the confounding effects of smoking.
The special risk groups to be studied would consist of "normal" (i.e., least detectable change) subjects who have been identified to have relatively decreased pulmonary function in a screening program, patients. previously hospitalized for respiratory failure, and asthmatics of all ages. No cost estimates are given.
to evaluate whether these levels of sulfur oxides have real chronic effects would require follow-up of these cohorts for at least 10-15 yr beyond the initial acute studies described above. A formal registry system of this type appears feasible in school children and also may be practicable in other population groups.
Background Review: Atmospheric Chemistry Sulfur oxides in the atmosphere can most conveniently be considered as Ioccurring in three forms: sulfur dioxide (SO2), sulfuric acid (H2SO4), and inorganic sulfates.
Sulfur dioxide is the anhydrous form of the weak acid, sulfurous acid (H2SO). The salts of this acid are known as sulfites and bisulfites. These have not usually been searched for in the atmosphere as it is believed that essentially all sulfur dioxide is eventually oxidized to sulfates, either in air or following absorption by plants or adsorption on surfaces.
Sulfuric acid is the hydrated form of sulfur trioxide (SO3), which is derived from the oxidation of sulfur dioxide. As sulfur trioxide is intensely hygroscopic, it is al'most immediately converted into sulfuric acid in' the atmosphere.
Inorganic sulfates are presumably derived from either the reaction of sulfuric acid with cations or by the oxidation of sulfites. There is little information available concerning the possible formation of organic sulfates in the atmosphere.
The major source of urban sulfur oxides is the combustion of fossil fuels in stationary sources. Approximately 98% of the sulfur released to the air is in the form of sulfur dioxide and most,' if not all, of the remainder is sulfuric acid. Inorganic sulfates may also be discharged preformed in certain industrial effluents. It must be emphasized that while almost all of the sulfur dioxide produced by combustion of fossil fuel is eventually converted into sulfate, not all atmospheric sulfate is derived from this source. Natural sources of sulfur dioxide and hydrogen sulfide (H25) can be oxidized to sulfate. Aerosols of sea water are a direct source of atmospheric sulfate (4, 5) . While it has been estimated (5) that only one-third of the sulfur in the entire global atmosphere is derived from pollutant sources, this observation is not pertinent to local respirable ground levels of sulfur oxides which in urban areas are almost entirely derived from fossil fuel combustion.
The formation of sulfates from sulfur dioxide in the atmosphere may best be viewed as two separate, although perhaps related, chemical processes. The first is the oxidation of sulfur dioxide to sulfuric acid and the second is the reaction of sulfuric acid with cations to form sulfates. Sulfur dioxide in pure air is very slowly oxidized by sunlight to sulfuric acid with a rate of about 0.1 %/hr (6) . While there is inadequate information to characterize fully the chemical processes by which sulfur dioxide is oxidized in polluted urban air, the conversion is much more rapid than in pure air. This is due to the presAugust 1974 ence of other air contaminants which in general greatly facilitate the oxidation of sulfur dioxide. Two processes appear to be involved: oxidation by components derived from photochemical processes (7) (8) (9) (10) (11) (12) 34) and catalytic oxidation predominantly by certain types of particulate aerosols (13) (14) (15) (16) (17) (18) (19) (20) (21) Table 4 .
Catalytic oxidation of sulfur dioxide occurs in the absence of sunlight in aerosols on which sulfur dioxide has been adsorbed. Major research interest has focused on the catalytic role of metallic compounds in the aerosols including manganese, iron, vanadium, aluminum, lead, and copper. The total reaction is a highly complex process with many interrelated variables which are poorly characterized (34) . These include adsorption rate of sulfur dioxide, particle or droplet size, chemical composition, rate of diffusion of reactants within the aerosol and relative humidity. Relative humidity is a major determinant, as the reaction occurs in water droplets containing the metallic particulates and absorbed sulfur dioxide. Furthermore, as an acid pH decreases the rate of sulfur dioxide oxidation, the formation of sulfuric acid in the aerosol would tend to be self-limiting unless the acidity is diluted by additional water vapor. In this respect, alkaline metal compounds (e.g., iron oxide) and ammonia also enhance the reaction rate by decreasing droplet acidity through their buffering capacity. Extrapolated levels for the rate of oxidation of sulfur dioxide by catalytic processes -in urban air range upwards of 2%/hr.
Weather has a great effect on these atmos-. pheric chemical processes. Inversion levels will dictate the concentration of sulfur oxides and other contaminants thereby influencing the rate at which they react. Increased humidity accelerates catalytic oxidation of sulfur dioxide, while cloud cover might be expected to lower the rate of the photochemical process, and rain will wash out sulfur oxides from the atmosphere. Temperature affects reaction rates and the solubility of gases. Wind influences the rate, direction, and distance of dispersal.
The average residence time of sulfate in the atmosphere is probably measured in days. A large urban source of sulfur dioxide will therefore result in increased atmospheric sulfates being present many miles downwind. In regions where there are multiple urban sources of sulfur oxides, such as the northeastern United States, there has been a general buildup of ground level sulfates stretching many hundreds of miles (29) . This includes rural areas whlch have appreciable suspended particulate sulfate concentrations despite relatively negligible sulfur dioxide levels. In view of the possible toxicity of suspended sulfates, it should be noted that emission control measures designed to disperse sulfur dioxide from point sources, e.g., tall stacks, will not have a major effect on area-wide suspended sulfate levels despite producing a decrease in local ambient sulfur dioxide concentrations. Also of note is the finding that the ratio of sulfur dioxide to suspended sulfate concentrations in eastern cities differs from that in western cities (30) . Data from the last decade reveals the sulfur dioxide/sulfate ratio in eastern urban areas to be 4.9 (SO2, 66,ug/m3; SO4, 13.5 1g/m3) and in western urban areas to be 3.4 (SO2 22 ug/m3; SO4, 6.4 Ag/m3).
The analytical techniques for the measurement of ambient concentrations of sulfur dioxide, suspended sulfates, and sulfuric acid are not comparable in terms of reliability or accuracy (30, 31) . Much information is available concerning ambient sulfur dioxide levels and the assay system is relatively well standardized and believed to be reasonably accurate. Less information about ambient suspended sulfate levels is available, and the assay systems in use have a number of difficulties. Most notable is the possibility that a portion of the sulfates detected on particle traps result from the reaction of sulfur dioxide with the trapping material and do not August 1974 Cox and Penkett (9) 0.035%/min Katz (26) represent In summary, evaluation of the atmospheric chemistry of sulfur oxides produces the following conclusions: (1) the rate of oxidation of sulfur dioxide to sulfuric acid and its conversion to suspended sulfates is greatly accelerated in polluted air; (2) the atmospheric chemistry of these reactions is highly complex and incompletely understood, and present information is mainly qualitative rather than quantitative; (3) in order to understand fully the relationship of ambient sulfur oxide levels to health effects, much more work is required to identify and characterize the various forms of sulfate present in the atmosphere, the processes by which they are produced, and their relationship to point or area sources of sulfur dioxide.
Background Review: Toxicology
The demonstration of a cause-and-effect relationship between exposure to sulfur oxides and adverse health consequences is based in part on experiments in which animals and human subjects are exposed to controlled atmospheres in the laboratory. Such studies permit the assessment of physiological changes caused by exposures of khown duration to pollutants of known concentration. The controlled atmospheres used in laboratory experiments do not simulate urban air pollution accurately, and the detection of physiological responses does not necessarily indicate an adverse health effect. Nevertheless, studies in exposure chambers give clues to the kinds of effect to be expected from exposure to atmospheres containing the pollutants which have been studied in the laboratory.
SO2 in Particle Free Air
Animal Studies: SO2 is a respiratory irritant with high solubility in the aqueous lining membranes of the respiratory passages. Because of its high solubility, SO2 is largely absorbed in -the nose and upper respiratory passages and very little reaches the lungs. To produce death or pathological changes in the lungs of experimental animals, very high concentrations are needed. SO2 inhalation produces bronchial narrowing as indicated by increased airflow resistance. This effect occurs in a matter of minutes and is readily reversible, suggesting that it results from an increase in bronchial smooth muscle tone (35) . The effect has been observed in guinea pigs, dogs, and cats as well as in human subjects. Exposure of guinea pigs to SO2 levels up to 5.72 ppm (17,000 ,ug/m3) for 12 months produced no identifiable effects apart from slight changes in the liver (36). Monkeys exposed continuously for 78 weeks to SO2 levels of 0.14-1.28 ppm (400-3800 ug/m3) showed no significant pathological changes (37) . After exposure of rats to 1 ppm S 2(3,000 ug/m3) for 170 hr, a significant depression of lung clearance of inert particles was demonstrated (38) . The effect of SO2 was studied in Syrian hamsters who had been made emphysematous by exposure to an aerosol of 3% papain. The animals were exposed to high concentrations of SO2 (650 ppm; 1,950,000 ,ug/m3) for 4 hr per day, 5 days per week, for a total of exposures. Only mild bronchitis and minor changes in the mechanical properties of the lungs were observed (39) . While conceptually attractive, this study is difficult to interpret because of the exceptional tolerance of the Syrian hamster to SO2.
Environmental Health Perspectives
Human Studies: Although there is considerable variation in response in different people and in the same person at different times, most people show changes in respiratory flow resistance at S02 concentrations of 5 ppm (15,000 Ag/m3) and above. Especially sensitive people react to concentrations in the 1-2 ppm range (3000-6000 ug/m3) (35, (40) (41) (42) . After 120 hr of exposure to 3 ppm (9000 ,g/m3) So2, increased small airway resistance and significant but minimal decrease in the dynamic compliance of the lung was noted in normal human .subjects. The effect disappeared within 48 hr after cessation of exposure (43) . Four week-long exposures of subjects with demonstrable peripheral airway disease to SO2 levels of 0.0, 0.3, 1.0, and 3.0 ppm (0, 900, 3000, and 9000 Ag/m3) produced no pattem relating to SO2 dose (44) . The study was difficult to carry out, and the data showed wide variance.
In recent studies of normal human subjects, nasal mucus flow was measured by external detection of the movement of a very small radioactive particle placed on the mucosal surface inside the nose (42) . Mucus flow about half way from the tip of the nose to the nasopharynx decreased on the average to 80% of control values after 1-3 hr exposure to 1 ppm (3,000 ,ug/m3) SO2 in particle free air and decreased further to 54% of the control value after 4-6 hr exposure. Gas samples taken from the nasopharynx after passage through the nose contained less than 1% of the SO2 which entered the nose, indicating that more than 99% had been absorbed in the nose. This confirmed earlier studies in animals and in healthy people. Mucus flow was slowest in the anterior part of the nose where the concentration of SO2 was the highest, and was fastest in the posterior part of the nose where little S02 remained in the air. On forced expiration through the mouth, the air flow rate was reduced to an increasing degree with increasing concentrations of inspired SO2 and with increased duration of exposure. In view of the very low concentrations of SO2 reaching the bronchi, the reduced maximum expiratory air flow is thought to have resulted primarily from a nasobronchial reflex causing bronchoconstriction. This can occur in the atmosphere when the relative humidity is high or in the respiratory passages where the air rapidly becomes saturated with water vapor. The tiny droplets carry the SO2 more deeply into the respiratory airways than it would otherwise go and also provide an aqueous medium in which chemical transformations can take place. Aerosols in the submicron size range penetrate more deeply and potentiate the irritant effect of SO2 to a greater extent than larger particles. The irritant effect of a given droplet is increased by transformation of dissolved SO2 into more highly irritant substances such as sulfuric acid and metallic sulfates.
Animal Studies: The synergism between SO2 and particulates has been demonstrated by studies using mortality and lung pathology as criteria as well as in studies using changes in airway resistance and in clearance of inert particles and viable bacteria from the lungs (35, 40, 41, 45) . The presence of particulates capable of oxidizing SO2 to sulfuric acid caused a 3-to 4- fold potentiation of the irritant response in guinea pigs (41) . Soluble salts of ferrous iron, manganese and vanadium were shown to proAugust 1974 duce this potentiation even at SO2 concentrations as low as 0.16 ppm (480 ,g/m3). This concentration is occasionally seen in urban atmospheres. The metallic salts which acted as catalysts in these experiments were used at concentrations of 0.8 to 1 mg/mi3, which is higher than has been reported in urban air. (51) (52) (53) (54) (55) (56) provide the clearest evidence of an effect of air pollution on health. The increased mortality and morbidity which occurred in these episodes of pollution probably affected predominantly those who already were suffering from some chronic illness, particularly of the heart or lungs. These excess deaths occurred in age groups above 45 years in both London (57) and New York (58); in addition, the individuals who were affected at Donora (59) were primarily those who had preexisting chronic disease. Gore and Shaddick (60) concluded from their analysis of episodes during the winters of 1954-1955 and 1955-1956 that a critical level of four times the customary winter average of air pollution in London would result in excess deaths. Subsequently, Burgess and Shaddick (61) (1959) (1960) , the correlations were higher than 5 yr later (1964) (1965) , when the concentration of smoke in London had been considerably reduced. The patients appeared to be most sensitive to changes in pollution early in the winter. The minimum pollution level which leads to a significant response was about 500 ,ug/m3 SO2 with about 250 ,g/m3 smoke. These authors considered that the effects they observed were more likely to be due to brief exposures to the maximum concentrations occurring during the day than to the 24-hour daily levels. Moreover, they noted that correlations between health status and pollutant levels were still demonstrable in 1967-1968 when the annual concentration of smoke was 68 IAg/m3 and of SO2 204 ,ug/m3.
Studies of bronchitic patients were carried out in Chicago by Burrows et al. (70) . The severity of symptoms was found to vary with temperature and SO level. When season and daily temperature were held constant, however, only hydrocarbon levels showed an independent correlation with symptoms. The authors concluded that air contaminants did not appear to play a major role in the daily variation in the patients' symptoms. However, Carnow et al. (71) who also studied'patients in Chicago, found that illness rates increased with increasing exposure to SO2. The critical level at which this increase occurred appeared to be about 0.25-0.30 ppm SO2 (710-858 ,ug/m3). Particulates were not included in this analysis. They were probably high since in 1966-1967, the time the study was carried out, the average annual concentration of particulates in Chicago was 148 jag/m3.
Geographical Comparisons
One way in which the effects of pollution may be studied is to compare people who live in areas which differ in air pollution. Comparisons may be international, national, or local. They may be of persons living in urban and rural areas, in cities which differ in their pollution, or in different areas of a single large city.
International Differences
The large differences in bronchitis mortality among different countries has sometimes been August 1974 III attributed to differences in pollution among them. But it has become increasingly clear that diagnostic practices differ in different countries, and that variations in death certification account for much of the variation. However, when these are allowed for, there are still differences in mortality and morbidity between different countries. Some of these could be due to differences in air pollution. Some of the difficulties inherent in carrying out international comparisons are indicated by''the studies conducted by Ferris and Anderson (72, 73) . The authors compared respiratory disease'and lung function in representative samples of the inhabitants of two towns which differed in their degree of air pollution. In' 1961 they studied a 1:10 sample of adults living in Berlin, New Hampshire. Two years later, they carried out a comparable study of a 1:7 sample of the inhabitants aged' 25-74 of Chilliwack, British 'Columbia. In each survey, methods' were comparable and the observers the same. One major cause of differences between surveys was therefore largely eliminated.
Information about respiratory symptoms and smoking habits was obtained by using a prototype of-the British Medical Research Council's respiratory symptoms questionnaire. The forced expiratory volume (FEV) and peak expiratory flow rates (PEFR) were used to assess ventilatory lung function. On the basis of the age/ specific prevalence of symptoms in both surveys, expected rates for non-smokers were calculated. From the multiple regression equations on age and height for the FEV and PEFR for Berlin, expected lung function values were calculated for Chilliwack. There was little difference in respiratory disease prevalence of male nonsmokers from that expected, but in women the prevalence was slightly below that expected. Lung function' values were also consistently slightly higher than expected in both men and women in Chilliwack for all smoking categories. These differences are in' the direction one would expect if pollution were exerting an effect. But, as the authors point out, they could still be due to ethnic differences between the two populations.
A further international comparison was made between the results from the general practitioners survey in Great Britain and that in Berlin, New Hampshire (74, 75 (78) (79) (80) (81) . The earliest studies used available data (82) (83) (84) (85) (86) . Mortality rates in different areas were related to levels of air pollution where these were available. Mortality from bronchitis was found to be correlated with indices of pollution, social circumstances, and density of population. In many of these studies, however, cigarette smoking habits were not adequately controlled for.
Comparisons of Uniform Occupational Groups
To get around the difficulty that differences in exposure to air pollution tend to be confounded with differences in social class, Fairbairn and Reid (87) studied postmen, a uniform occupation group, who receive the same pay wherever they work and, once established, tend to remain in the same area. They found that premature retirement and death from bronchitis and pneumonia were related to thick and presumably polluted fog, and were independent of domestic overcrowding or population density. Somewhat similar observations were made in British transport workers (88) .
In the United States, surveys of Bell Telephone employees were carried out by Holland et al. (89) and by Deane et (91) .
Comparisons between Towns
Comparisons have sometimes been made between towns which differ in air pollution. Dohan and Taylor (92) and Dohan (93) 
Studies of Children
A number of studies has been carried out on children, who are particularly suitable because they tend not to smoke cigarettes and for the most part do not engage in dusty jobs. They may also be exceptionally sensitive to the effects of pollution.
In Japan, Toyama (100) and Watanabe (56) found that school children living in Kawasaki and Osaka, two polluted cities, had lower peak flow rates than children living in less polluted areas. One of the most interesting studies of children was carried out in Britain by Douglas and Waller (101) . In 1946, a study of health and development was initiated. All children born in a one-week period in March were followed to school-leaving age in 1961. Subsequently, the illness experience of the children was related to the areas in which they had lived, and so to the probable levels of pollution experienced through life. The results showed that lower respiratory infections were consistently related to pollution but that upper respiratory infections were not. Both the frequency and severity of such infections increased with the amount of pollution. The lowest levels of smoke and SO2 were 70 and 90,ug/m3,respectively. Higher illness rates were added in all higher pollution classes.
Lunn et al. (102) studied the prevalence of respiratory illnesses in school children aged 5 years and 10 to 11 years living in four areas of Sheffield with differing air pollution. They found that both upper and lower respiratory infections increased with increasing pollution. The prevalence of symptoms was higher at annual means of smoke cind SO2 of about 200 1A g/m3 compared with about 100 A g/m3.
FEV and forced volume capacity (FVC) were lower in the most polluted area. A 4-yr followup (103) showed that most of the differences between the groups had disappeared with the reduction of smoke which had been achieved in Sheffield.
More recently, Holland et al. (104) In each community the prevalence of chronic bronchitis (persistent cough and sputum for 3 months of the year either alone or with breathlessness when walking at an ordinary pace on the level) and the occurrence of various upper and lower respiratory tract infections in high and low pollution areas were compared. Higher rates were found in the higher pollution areas. A major aim of the studies was to define levels of pollution which resulted in an effect on health. The validity of self-reporting to accomplish this end is seriously open to question. Reporting is likely to reflect attitudes to present and past pollution and only limited checks of parental diagnoses with physicians records were made. One curious feature of the combined results of these studies in relation to chronic respiratory disease is that while in each community after allowance was made for smoking, the prevalence of chronic bronchitis was higher in the high than in the low pollution area, there were no corresponding differences between the communities. Chronic bronchitis was in fact lower in fathers and mothers in New York City than in Utah despite the fact that pollution was much higher in New York City.
In a series of studies carried out in Cincinnati, Chattanooga, and New York City (108), the forced expiratory volume of elementary school children was related to pollution. The FEV was found to be consistently lower in children 5-13 yr old exposed to higher concentrations of particulates and SO2. In Cincinnati, the performance of children in polluted neighborhoods improved during the seasons of low pollution but not to the level of their counterparts in the low exposure neighborhoods. The results are presented graphically and in insufficient detail for the bases for these conclusions to be checked. Nor is sufficient evidence presented that differences between neighborhoods was not due to differences in the performance of the lung function test. We are not told who performed the test in each area. If a number of observers were involved, no measurements of observer variation were made. All in all, it is not at all clear that the differences in lung function between neighborhoods which were shown in these studies can be attributed to differences in air pollution between them.
In a recent study of bronchitic patients in London, Emerson (111) made several spirometric measurements at weekly intervals over periods of 12 to 82 weeks. The changes observed were correlated with daily atmosphere and air pollution measurements. Significant correlations of FEV Lo with temperature in six patients, humidity in four and with barometric pressure in three were found. In only one was there a correlation with SO2 levels and in none with smoke. The conclusion drawn was that at the concentrations of these pollutants now existing in London SO2 and smoke have little effect on ventilatory lung function of patients with chronic airways disease. The concentrations during this study were: smoke, mean annual 41 and maximum daily 241 ,g/m3; SO2, mean annual 187 and maximum daily 730 jUg/m3. This study might perhaps suggest that, provided smoke concentrations are low enough, somewhat, higher levels of SO2 than are now permitted by the primary standards might be permitted.
On the other hand, a recent study of mortality in the United States (112) from 1962 to 1966 showed that while the main predictors of mortality were: annual cycle, day of the week, Christmas holidays, influenza epidemics and days or spells of extreme temperatures, pollution as measured by coefficient of haze units (COHS) and SO2 contributed to a small but significant extent. In New York City, mortality was 1.5% less than expected when SO2 was under 30 ,ug/m3 and 2% greater when it was above 500 IA g/mn3. This in fact suggests that there might be no threshold and that the lower the concentration of SO2, the lower will be the possibility of adverse health effects.
Dose/Response Relationships, Old Results
We can form some idea of the levels of smoke and SO2 which may cause effects (Table 5) (113) . It is important to realize that these two pollutants may not be the most important, but instead only indices of others that are more important. In London, mortality has clearly resulted when 24 hr concentrations of smoke have risen to 1000-2000 ,ug/m3 and to concentrations of S02 of 750 jLg/M3. These sorts of levels may occur with average annual concentrations of smoke of 300-400 iAg/m3 and of S02 of 250-300 jAg/m3. No one can doubt that these concentrations are far too high and should not be allowed.
In London, 24 hr values of about 500 jug/ml smoke and 400 jig/M3 SO2 have led to exacerbations among bronchitis patients. Now that the average concentrations of smoke and SO2 in London are about 40 and 170 jAg/M3, respectively, it will be interesting to see if there is still any response among these susceptible patients to the highest levels which occur in the winter.
In the whole of Britain, correlations which appear to be linear can be shown for bronchitis sickness absence when winter smoke and SO2 rise above 100-700 jAg/M3. Similarly respiratory symptom prevalence and resDiratory infections in children rise with increasing pollution levels above 100 microg/cu.m. In New York City, 24-hr averages of 6 coefficient of haze units (COHS) and 2000 /ug/m3 have resulted in mortality and 3 COHS and 700 ug/im3 in morbidity.
In Buffalo, there was a steady increase in respiratory mortality from the lowest to the Environmental Health Perspectives The CHESS studies have provided the largest body of data which might perhaps suggest that the primary standards may be too high and should be lowered. We believe that the methods used, the sampling, the internal inconsistency of the findings and other questions render the validity of the findings too uncertain to justify these conclusions. Nor do we think that these studies provide a sound basis for a standard for suspended sulfates. More research is needed on this topic. British experience might suggest that the major effort should be put on reducing particulates. We are in some difficulty, however, in trying to Nature of the Scientific Problem SO2 is a gas whose concentration in the atmosphere is used as an index of the extent of air pollution. When studied alone, it acts as a relatively nontoxic gas. In the ambient air, it undergoes chemical reaction to much more toxic substances, namely suspended sulfate particles and sulfuric acid mist. Additional epidemiologic studies are needed to verify the health effects of these products. These studies will require the development of improved monitoring methods and the establishment of a complete data base for sulfates (particularly in the particulate fraction) in the air. SO2 levels in the ambient air appear to be a reflection of air pollution levels since SO2 is the major precursor of the more toxic sulfur reaction products.
Nature of Standards
A Primary Ambient Air Standard states the concentrations of a given substance which on the basis of the "best available scientific evidence" are likely to cause no adverse health effects to the general population in the United States. "Best available scientific evidence" is an important concept because it indicates that the standards will change as we gather more knowledge about health effects of individual pollutants. With scientific advances, this standard will approach a "no effects level" for each pollutant based on a natural law of chemical-biological interaction. As we approach this natural limit, our margin of scientific error decreases. The Clean Air Act requires that a safety factor be added to each air quality standard to approximate the scientific error and to insure that the American people are adequately protected from the health consequences of each agent. Thus, the Primary Standard is the scientist's best estimate of a natural law of chemical-biological interactions which defines the highest concentration of a pollutant that will cause no damage to health. It includes an estimate of scientific error in terms of a legal safety factor.
Policy Decisions and the Standard
In the long run we are convinced that this identification of the natural law relationship will establish concentrations of SO2 and other pollutants which do not damage human health. SO2 Environmental Health Perspectives levels however must not be considered in a scientific vacuum. We are well aware that modern man lives in a society which exposes him to a surprising variety of interrelated risks. Once these laws are identified, the difficult choices between interrelated risks can be made on an objective, scientific basis. In extreme situations, one standard or another might be appropriately and knowingly exceeded so as to ameliorate a related situation and thus cause the least possible harm to human health.
